Project Objective: The objective of this project was to develop and demonstrate a high temperature natural gas furnace that can operate with/without oxygen enrichment to significantly improve energy efficiency and reduce emissions. A laboratory-scale (5ft diameter & 8ft tall) furnace was constructed and tested. This report demonstrates the efficiency and pollutant prevention capabilities of this laboratory-scale test furnace. The project also developed optical detection technology to control the furnace output.
Technical barrier(s) addressed:
(i) Flame radiation increase to decrease flame temperature to reduce NOx, and increase furnace productivity, (ii) Capture exhaust gas enthalpy to increase efficiency, (iii)
Use of oxygen-enriched air without increasing NOx to decrease fuel consumption, (iv)
Use of low calorific value fuel, (v) Oxygen-free atmosphere within the furnace to prevent metal oxidation, (vi) Multi-fuel capability, and (vii) Improved turn-down ratios.
Project Pathway
This project developed furnace technology to significantly reduce energy Adopted:
consumption and emissions while improving productivity. While wasted flue gas enthalpy was not captured due to the laboratory furnace constraints, it can easily be captured in practice to highly preheat the incoming O 2 or O 2 -enriched air and fuel. Other than this aspect, rest of the goals were achieved. Internal flue gas recirculation was used to significantly dilute and heat the fuel and oxidizer before burning to decrease NOx production and increase heat flux uniformity within the furnace. A novel configuration was successfully tested where recirculation of combustion products and intense flame radiation were employed to reduce the flame temperatures and thus thermal NO. It utilizes buoyant recirculation and mixing of combustion products to reduce fuel and oxidizer concentrations and to increase the residence time of radiating combustion products. Nearly homogeneous burning is made to occur in distributed reaction zones under slightly rich conditions that enable increasing the flame radiation and also promote NO reburn. The resulting high & uniform heat flux enables an increase in the furnace productivity or a decrease in size and cost. This concept is equally applicable to many of the nation's most energy-intensive industries and water-tube boilers used for power production.
Critical Technical Milestones Accomplished:
• A small-scale furnace was designed, constructed and tested based on the above concepts. Measurements in this furnace unequivocally show that the above concepts can be successfully employed by industry. Due to the constraints imposed by the University on laboratory testing, we were unable to preheat the fuel and air and operate the furnace above 1000C. However, this can be easily accomplished in industry.
Experimental Results:
We developed the experimental furnace shown in Figure 1 . The overall dimensions of this furnace are: 5' diameter and 8' tall. Here we accomplished mixing and dilution as shown in Figure 2 before reacting. Technically it turns out that this is not an easy to obtain homogeneous mixing on a chemical scale. Thus, either mixing has to be fast or chemistry has to be slow. If mixing is fast (τ mixing < τ chemical ) or chemistry is slow, we get homogeneous combustion otherwise flames. It is important to realize that first mixing and dilution has to be accomplished with fuel and burnt gases and oxidizer and burnt gases and then mixing between diluted fuel and diluted oxidizer. The results of the experiments conducted are summarized below:
Experimental Furnace Characteristics -Internal exhaust gas recirculation, -Relatively large separation distance between fuel and air nozzle.
-Flame Froude number is about 0.32 which falls down to buoyancy affected jet.
-Enriched oxygen air flow (21, 30, 40% ).
-Various nozzle diameters (to study the effect of momentum).
-While the fuel flow rate is fixed, parameters are changed by adjusting air flow condition.
UV emission and conditions leading to HOMOGENEOUS COMBUSTION:
Hasegawa's group [27 th Symposium (International) on Combustion, 1998, 3135-3146] measured UV-visible emission spectra of the homogeneous combustion flame and showed that OH emission levels increases with the increase in the flame temperature. Plessing, T., Peters, N. and Wunning [27 th Symposium (International) on Combustion, 1998, 3197-3204] measured planar LIF images of local distribution of the OH radical in the reaction zone and showed distributed and low OH concentration in the homogeneous combustion regime. OH band (281.1 nm, 306.4 6 nm) emission was captured by a UV photodiode and the UV emission data were used to evaluate the presence of the homogeneous combustion regime. The result was that UV emission was low and stable in the homogeneous combustion regime and it was high and fluctuated in the nonhomogeneous combustion case. This UV emission was compared with visual images (flame colors such as yellow or blue) that validated the conclusion. Thus, UV emission detection can be used as criteria to identify the homogeneous combustion condition. In this work, homogeneous combustion operating parameter chart was made by varying the air nozzle diameter, oxygen concentration and equivalence ratio. Wunning and Hasegawa's homogeneous combustion operating condition charts takes care of temperature (furnace preheat temperature) and dilution rate (O 2 % + air nozzle diameter effect for our case). However, the operating condition charts for actual furnace application must include the information about geometric and flow condition. Thus, a new kind of operating chart using momentum versus d×[O 2 %] is suggested here because momentum controls the mixing and dilution and d×[O 2 %] controls the center-line O 2 concentration.
The current furnace configuration resembles an inverted burner where the flames are usually unstable and easily extinguished and the ratio of inertia and buoyancy determines the stability of the reaction zone. However when the surrounding temperature is above the auto-ignition temperature, the flames are stable. It was found that depending on the amount of exhaust gas recirculation, the combustion was either in the diffusion flame mode (for small exhaust gas recirculation) or in the flameless mode (for high exhaust gas recirculation). It was also found that when enriched oxygen is used as oxidizer, even if there is large amount of dilution, the actual oxygen concentration can be high enough to initiate the diffusion flame mode. This is because of availability of sufficient oxygen to produce OH. Thus, in order to determine the stable homogeneous regime, the furnace experiments were performed for various momentum conditions by varying the air nozzle diameter, oxygen enrichment and equivalence ratio. Gas temperature at x = 6" and gas composition at y = 12" were measured for various Z. Figure 3 below shows the experimental measurement variables and geometry.
Two parameters are used to evaluate the effect of dilution, buoyancy and jet momentum based on the air injection parameters (the fuel nozzle diameter and the flow rate are kept constant): For a single nonreactive turbulent jet, the downstream concentration ) , ( x r C of the jet fluid is self-similar and given by: x the virtual origin of the jet flow. It is noted that the concentration itself is not affected by the jet exit velocity but it is a function of the jet exit concentration. Therefore, the local concentration of O 2 is the function of Χ O2 d.
To account for the effect of buoyancy, the ratio of inertia and buoyant forces is important. This can be represented by the Archimedes Number. However, by using experimental data of inlet jet temperature and average gas temperature in reaction chamber it is found to be roughly the same order of magnitude for most cases. Therefore, the inertia term, or the momentum flow term given by
, is the parameter that represents the jet flow. Note that the air nozzle diameter affects both the jet momentum flow and the oxygen concentration. As seen in the figures, lean conditions tend to be in diffusion mode and rich conditions in homogeneous mode. Small air nozzle diameter satisfies the homogeneous condition for wide range of air momentum, whereas, the large air nozzle diameter satisfies the condition only for large air momentum. Over the scanning range, the gas measurements at y = 12" show that CO is high for the homogeneous case and NO is high for the diffusion flame case.
Examples of temperature profile at x = 6" are shown in figures C, D, and E for the change of equivalence ratio (Fig.C) , change of oxygen concentration (Fig. D) and change of air nozzle diameter or momentum (Fig. E) respectively. Since fuel flow rate is fixed and only air flow rate adjusted for all cases, higher equivalence ratio or higher oxygen concentration means lower air momentum ratio. As seen in Fig. C and D, the peak temperature moves to upstream of the jet flow for For smaller diameter of the air nozzle, there is larger entrainment. -It is difficult to achieve stable homogeneous combustion for small diameter air nozzle (d=0.3125) because the temperature in the furnace falls due to the high velocity air jet -lot of excess nitrogen. -On the other hand, it is difficult to achieve homogeneous combustion condition for the oxygen enriched case because of low flow momentum and air dilution. Thus, the nozzle diameter must be decreased or fuel rich condition should be used to slow down the chemistry.
Effect of Air Jet

Effect of Oxygen Concentration
-If the oxygen concentration of the air jet decreases (both jet exit velocity and flow rate must increase to provide the same amount of oxygen for combustion), homogeneous combustion is obtained. This is both due to dilution caused by enhanced mixing and low initial concentration of oxygen. The lower oxygen concentration throughout the volume slows 
Effect of Equivalence Ratio
-If equivalence ratio increases (i.e. both air velocity and flow rate decreases for the same fuel flow rate), homogeneous combustion is obtained. The effect is for much the same reasons as the effect of oxygen above, except for increased oxidizer dilution due to higher momentum. However, the slow down in the chemical reaction rates is due to the same reasons. For higher equivalence ratio, the high temperature region spreads downstream, Figure C . -For lean conditions, the oxygen mass flow rate and following air jet entrainment must be larger. The presence of excess oxygen for the lean case, promotes formation of flames. It is important to note that 'H-atom' can diffuse very fast to start the H 2 -O 2 chain branching reaction if oxygen can be found. -For rich condition, generally homogeneous combustion is obtained, as well as, lower NO concentrations.
NO and CO Concentrations
-NO concentration profile roughly follows temperature profile.
-For CO concentration, it is found that high CO concentration region moves with the high temperature region. By comparing with the local equivalence ratio profile, the CO concentration profile follows the same pattern and behavior. High CO regions correspond to rich regions. In order to reduce CO, the fuel should be diluted enough to be in the lean condition before it meets oxygen. 
Fig. H
Project Changes:
No changes were made in the scope of the proposed work.
Commercialization Potential, Plans, and Activities:
The technology developed in this project is expected to be utilized by industries represented by the DOE Industries of the Future program. These are energy-intensive industries like aluminum, chemicals, glass, metal casting, pulp and paper, and steel. These industries are in dire need of energy efficient, low pollutant forming high temperature furnaces. This technology is also equally applicable to water-tube boilers used in power plants. Thus, we believe that the commercialization potential is high. Our Industrial Advisory Board has given us many suggestions in this regard. With the development of a working laboratory furnace, we also hope to convince industrial users to implement such a furnace for actual application with DOE help. The PI's SEN visits to Iron and Aluminum companies confirm that the present furnace is desperately needed in these companies.
Our Industrial Advisory Board wanted us to demonstrate the furnace technology in real application and show a cost-benefit analysis. To do this, we have been in touch with Mittal Steel in Burns Harbor. They are willing to modify an existing in-and-out production billet reheating furnace with this technology. However, the modification is expensive and Mittal Steel and University of Michigan jointly can not foot the bill. We have therefore written a proposal to DOE to help us demonstrate the furnace. The proposal was submitted to DOE under the Steel solicitation "DOE Collaborative Energy Efficiency Research in Iron-Making and Steel-Making -Funding Opportunity Number: DE-PS36-06GO96008." The proposal was entitled: "
Development and Full-Scale Demonstration of New Furnace Technology to Significantly Improve Energy Efficiency and Reduce Emissions in Steel Reheating
Furnaces." We await the outcome of this proposal for wide technology adoption. We would also have filed for the "Michigan 21
st Century Jobs Fund" but Mittal Steel is an Indiana company. In summary, we are looking for funds to do a full-scale demonstration.
Publications and Presentations:
With Multiple turbulent jet flames are widely employed in industrial furnaces. The flame pattern and emissions depend on the jet interaction and mixing. This paper presents an experimental and numerical investigation of the mixing characteristics and the resulting concentration fields in unconfined, non-reacting multiple turbulent jets. Experimentally, Planar Laser Induced Fluorescence (PLIF) was employed to study the effects of the Reynolds number, separation distance, and momentum ratio on jet interaction and mixing in three round collinear jets. The three jet configuration was chosen to represent a center fuel jet surrounded by two air jets. The experimental results are compared with predictions using the Fire Dynamics Simulator (FDS) developed by National Institute of Standards and Technology (NIST). The numerical results were found to be in good agreement with the experimental data. FDS is then used to test different jet configurations and will be used for simulating confined and reacting jets in furnaces. The results of this study show that greater dilution in the mean centerline concentration of the center jet occurred at lower separation distance due to enhanced jet interaction. Increasing the momentum of the side jets showed more dilution and better mixing as a result of increased entrainment of the ambient fluid. Extensive numerical studies in a representative five turbulent jet configuration with a center fuel jet surrounded by four oxidizer jets are presented. These provide fundamental guidelines for optimization of the control parameters, jet spacing, momentum ratio of fuel to oxidizer jet, for industrial furnaces with multiple turbulent jets.
Introduction
Multiple turbulent jet configurations are widely employed in many industrial applications such as a furnace, diesel engine and aircraft propulsion system. In most industrial furnaces, fuel and oxidant are injected with high momentum through a nozzle, orifice and diffuser. As a result, the flame pattern and emissions strongly depend on the jet interaction and mixing under this configuration. Therefore, it is very important to understand the mutual interaction of multiple jets from the practical point of view.
Recently, novel combustion technologies for significant energy saving and reducing pollutant emissions have been developed for industrial furnaces. These may be classified as the homogeneous combustion. Examples include, Flameless Oxidation (FLOX), High Temperature Air Combustion (HiTAC), and Moderate and Intense Low oxygen Dilution (MILD) that have been developed in Europe and Japan [32] [33] [34] [35] . The essential conditions for achieving these combustion modes are direct and separate injection of fuel and oxidant with high momentum, and the high recirculation of hot exhaust products. Another important condition is that the fuel and oxidant should be sufficiently diluted by the surrounding fluid before they react. Thus, the analysis of the interaction, mixing and dilution patterns between the separate jet flows is essential for understanding the homogeneous combustion process.
Although numerous works on a single turbulent jet are available in literature, very little investigations have been conducted on the flow structure and passive scalar transport of multiple jets due to the complicated characteristics of the multiple turbulent jets.
Krothapalli et al. [2] investigated the detailed structure of the flow field with an array of rectangular lobes. Raghunathan and Reid [3] showed that a multiple jet configuration with five nozzles have an advantage in terms of noise reduction without significant momentum reduction of the jet. Mostafa et al. [10] performed the experimental and numerical studies on three rectangular turbulent jets. In this work, the authors confirmed that there is a strong mutual entrainment and turbulent transport between jets. Theoretical approaches to parallel rectangular multiple jets were conducted by Chuang et al. with a kinetic theory of turbulence [7] and Wang et al. with the thin layer theory [11] . Experimental studies on twin round interacting jets were performed by Becker and Booth [1] , Moustofa [8] , and Okamoto et al. [4] .
The co-flowing plane jets with different velocity and momentum ratio have been studied by Grandmaison et al. [5] . The effect of the nozzle spacing on jet interaction was studied by Wlezien et al. [6] . Manohar et al. [13] presented the experimental and numerical results of the interaction between multiple incompressible air jets. The authors found that the merge distance between jets increase for larger jet spacing and the entrainment is more enhanced under multiple jet configurations than a single jet. Yimer and Becker [12] investigated the strong-weak jet coupling for developing a new concept for low-NOx burners. They found that the point of jet confluence strongly depends on the jet separation distance and momentum ratio between jets.
The majority of these works were mainly focused on the behavior of the velocity flow field.
Research on the fundamental aspects of passive scalar mixing such as the concentration field in multiple turbulent jets is very limited.
This study presents an experimental and numerical investigation of the mixing characteristics and the resulting concentration fields in unconfined, non-reacting multiple turbulent jets. Experimentally, Planar Laser Induced Fluorescence (PLIF) was employed to study the effects of the Reynolds number, separation distance, and momentum ratio on jet interaction and mixing in three round collinear jets. The experimental results are compared with predictions using the Fire Dynamics Simulator (FDS) developed by National Institute of Standards and Technology (NIST). In addition, extensive numerical studies in a representative five turbulent jet configuration with a center fuel jet surrounded by four oxidizer jets are presented. These provide fundamental guidelines for optimization of the control parameters, jet spacing, momentum ratio of fuel to oxidizer jet, for industrial furnaces with multiple turbulent jets. The flow velocity from the nozzles is maintained nearly constant during the experiment by two water supply units with two tanks and pumps which are designed to keep water level constant in tank 2. The head from the water surface of the reservoir to the water surface in tank 2 is about 2 m. The center jet (often containing the dye to simulate the fuel) is driven by one unit and the two other jets are driven by the other unit together. To identify fluids from each jet, either one of the water supply units may contain fluorescent dye (Rhodamine WT). The dye is well dissolved in one of the water supply units to obtain a concentration of about 1.5 mg per 1 L of water.
Experimental apparatus and method
Experimental Setup
To obtain the concentration profile, planar Laser Induced Fluorescence (PLIF) is used as flow visualization technique. Schematic of the PLIF system is illustrated in Figure 1 (b) . Nd-YAG laser (Surelite I PIV 10 Hz, Continuum) having a wavelength of 532 nm and power of about 2 W is used as a light source and the laser is synchronized with the CCD camera (PIVCAM 10-30, TSI Inc.) having 1000 1016 × resolution and 8 bit dynamic range. The pulsed laser beam passes through a pinhole to adjust the size and then passes through the cylindrical plano-concave lens which expends it vertically to a laser sheet. Finally by a slit the laser sheet is trimmed into a thin layer sheet about 1 mm wide.
The vertical laser sheet is adjusted to pass through the centerline of the aligned center of the three jet nozzles. When the jet containing the fluorescent dye is injected from the nozzle, the dye is excited by the laser light sheet to create the fluorescent image. The image is taken by the CCD camera. Laser pulse duration time is 6 ns, camera shutter exposure time is 255 s µ , and laser pulse repetition rate is 10 Hz. The resolution based on the camera setup is 0.64 0.64 × mm per pixel.
Experimental Method
In this study, all the jet image data are averaged during 25s, i.e. 250 laser shots, after the flows turn to be steady and fully developed. Even though the data is averaged over time, there is still the possibility of instrumental noise. Specially, in case of the pulsed laser used in this experiment, the laser light intensity of shots varies randomly within in a range. While there is other instrumental noise involved together, the prediction of the proper noise level for each event and each pixel is indistinct. After series of calibration applications by the author, it was determined that the noise can be optimally removed by the convolution of 5 5× matrix.
The range of turbulent conditions in the experimental work was . The Reynolds number is calculated based on the nozzle diameter and the mean jet velocity of the flow exit. Water is used as a working fluid that has a Schmidt number, 600 > Sc implying little diffusion-enhanced mixing. The turbulent jet is injected into the quiescent water with the same temperature. Since the density of the jet flow and the ambient fluid is the same, no buoyant effect is involved in these experiments.
While the pulsed laser light sheet passes vertically through the center of the aligned jets, the fluorescent dye is injected through the middle jet into the water reservoir. The fluorescent images are taken by the CCD camera synchronized with the laser pulse. In the beginning, the experimental setup and procedure is validated by measuring the concentration characteristics of turbulent single jet. In order to investigate the effect of the separation distance and in particular to evaluate the effect of the side jets on the middle jet, three different separation distances, S/D = 3.66 , 5.50 and 7.33, were tested. The effect of the momentum ratio between jets is investigated by changing the velocity of the jets while the diameter and flow rate of the jets are kept the same.
After performing the calibration procedure, mean concentration is obtained. In experimental studies, the measurements are made up to Z/D=50 because of the spatial limitations. The coordinate system used in this experimental study is given in Figure 1 (c) . 
Numerical Simulation Method
Numerical simulations were performed by using the Fire Dynamics Simulator (FDS) developed at the National Institute of Standards and Technology (NIST) [36] . 
Governing equation
In the FDS code, the flow field is modeled by solving the conservation equations for mass, species, momentum and equation of state for the gas with low Mach number assumption. Under this assumption, the basic governing equations are simplified to,
Where, ( , , ) u v w = u is the velocity field, f is the external force on the fluid, τ is the viscous stress tensor, and l m ′ ′ ′ is the mass production rate of the i th species per unit volume.
The turbulence model
The effect of the flow field turbulence is modeled using LES, in which the large scale eddies are computed directly and the sub-grid scale dissipative processes are modeled. To approximate the turbulent stress, the Smagorinsky model with a constant coefficient s C is used everywhere in the flow field. In this model, the dynamic viscosity is defined at cell centers as,
Where, s C is the Smagorinsky constant, Grid size 
The key coefficient in this model is the Smagorinky constant s C which is the sub-grid scale model coefficient that is flow dependent and has been optimized over a range from 0.1 to 0.25 for various flow configurations. As reported in literatures, the Smagorinsky coefficient is not a universal constant. It should be noted that the optimization of s C in numerical simulation is generally ad hoc [29] . It was found that good results with the Smagorinsky model can be observed when s C =0.1 for channel flow [24, 25] , s C =0.12 for the flow around a bluff body [30] , [29] and an indoor airflow with force convection [28] , and for homogeneous isotropic turbulence [25, 26] s C ranges from 0.17 to 0.20 [29] . Geurts et al. [31] concluded that s C =0.1 roughly corresponds to the averaged dynamic coefficient in the developed flow condition. Even though there are some suggested values of the Smagorinsky constant for various flow configurations, theoretical guidelines have never been provided [29] .
It is therefore necessary to find the optimum value of s C for each flow configuration. After detail investigation, it is found that s C =0.12 is the best value for the current configuration in this study. This was determined by comparison with experiments and later used without change. Even though the Smagorinsky model has some shortcomings, it is still widely used for a number of applications. 
Numerical method
Results and Discussion
In this section, the experimental and numerical results of passive scalar concentration field for single and three collinear water jets are presented. For more detailed analysis, extensive numerical studies on five gas phase multiple turbulent jets are also performed. In this study, the Reynolds number of the jets is kept above 10 4 for sustaining the fully developed turbulence condition according to Dimotakis [22] . The parameters and properties of the turbulent jets are listed in Table 1 
Single Jet
For validation, experiments and numerical simulations are performed on a single water jet. In addition, numerical simulations are conducted on a single gas jet as the basis of investigation of multiple turbulent gas jets. For a single jet, the working and ambient fluid are the same, thus no density effect is involved.
The mean concentrations along with the centerline of the longitudinal axis are plotted in Figure 3 (a), and scaled mean centerline concentrations are shown in Figure 3 (b) along with the results of current and previous experimental works [14, 15, 16, 17, 18, 20] .
As shown in Figures 3 (a&b) , the value of the mean centerline concentration c C is constant in the potential core region and decays linearly with the streamwise distance after becoming fully developed, as expressed in equation (7). In equation (7), o C is the injection concentration and D the jet diameter. The mean decay rate for the concentration c K and the virtual origin o Z for each condition are obtained according to equation (7) and listed in Table 2 . In Figure 3 (b) , the mean centerline concentration is scaled by
, same as that used in Ref. [20] , and plotted as a function of the distance from the jet virtual origin.
It is seen from Figure 3 (b) that the experimental results show good agreement with the previous work. The numerical simulation predicts a little longer potential core region up to Z/D=10 and lower decay rate of the mean centerline concentration than the current and previous experimental results. 
is nearly constant irrespective of the Reynolds number and the working fluids. Experimental measurements, on the other hand, show considerable scatter. The scatter in the experiments is attributed to the uncertainty in the initial conditions of the jet. Since the simulations have much less uncertainty, the curves are closer together. Nevertheless, the general similarity for a single turbulent jet is well established both experimentally and numerically [23] .
The mean radial concentration profiles are plotted in Figure 4 . Literature data are also plotted for comparison [15, 16, 18, 20] . As shown in the literature, the profiles appear self-similar and Gaussian-like for Z/D>20. Clearly, FDS calculations agree well with the results in literature. 
Multiple Jets
Water 3 Jets
To investigate the characteristics of mixing and concentration for multiple turbulent jets, experimental and numerical studies are performed on three collinear water jets. In this section, the effects of the separation distance and momentum ratio between jets are examined. The separation distance S/D and momentum ratio MR investigated in this study are listed in Table 1 . For identification of the concentration of the central jet, salt water having the same properties as the side water jets is used as the central jet fluid in the numerical study.
Separation Distance Effects
The mean centerline concentration and scaled mean concentration of the central jet for three different separation distances with fixed jet velocity, 1.0-1.0-1.0 m/s, are plotted in Figure 5 Thus, the general similarity is no longer valid in multiple jets. Even though using the concept of the virtual origin and scale factor ( )/ o Z Z D − for the mean centerline concentration is not proper for the multiple jets, it is still useful to investigate that how the behavior of the multiple jets is different from a single jet. For this purpose, the virtual origin of a single jet is used for describing the value of ( )( )
As observed in Ref. [2, 7] , Figure 5 (a) and (b) clearly show that the central jet initially follows the single jet path, and then deviates from the path after some distance. This deviation distance is the merge distance where the central jet begins to be affected by the side jets. From the merge distance onward, the mean concentration of the central jet shows a completely different trend from that of a single jet. It is seen from Figure 5 (a) that the mean centerline concentration in the multiple jets decays faster than that of a single jet because of the exchange of momentum with side jets. It is also reported that multiple jets relatively entrain more surrounding fluid than a single jet, thus the mean centerline concentration decays faster in the multiple jet configuration [9, 13] .
It is seen form Figure 5 (b) that the merge distance increases for larger jet spacing, which means that the separation distance between jets governs the distance after which the jets begin to interact [8, 11] . As shown in Figure 5 (c), the mean radial concentration profiles do not fall on a single curve for multiple jets and show a narrower width than a single jet. This can be attributed to the fact that the mutual interaction between jets creates a sub-atmospheric pressure region and in this region, the jets attract each other toward the centerline and thus the transverse transport rate decreases more than that of a single jet [10] .
The mean centerline concentration of the central jet decays rapidly with decreasing the separation distance because a strong mutual entrainment and turbulent transport between jets starts earlier at shorter distance from the jet exits.
While there is some discrepancy between the experimental results and numerical predictions, the trend shows good agreement.
Momentum Ratio Effects
The effects of the momentum ratio between jets are investigated by changing the velocity of the jets while the diameter and flow rate of the jets are kept constant (see Table 1 ). Figure 6 shows the mean centerline concentration and the scaled mean concentration of the central jet for three different momentum ratios MR of 0.25, 1.0 and 4.0 with fixed separation distance S/D=3.66. In this study, the momentum ratio is defined as the ratio of central jet momentum to side jet momentum. As shown in Figure 6 , numerical predictions are in very good agreement with the experimental results. The discrepancy in the scaled mean concentration is observed between experiments and numerical prediction, because of the sensitivity of the scale factor ( )/ o Z Z D − to the virtual origin. As stated before, the virtual origin of a single jet was used.
It is clearly observed that the mean centerline concentration of the central jet decays rapidly with decrease of the momentum ratio (increase the momentum of the side jet). The mean centerline concentration deviates quite rapidly from a single jet for MR=0. 25 case. An explanation could be that the entrainment of the ambient fluid into the side jets is enhanced due to their high momentum, and the side jets also entrain the central jet fluid again because of their higher momentum than the central jets. Thus, the central jet decays rapidly due to mixing with the side jets that have enhanced entrainment of the ambient fluid. This is important form the combustion point-of-view. Assume that the side jets are air, the central jet is fuel, and the ambient fluid is combustion products. Then, the entrainment of the central jet into the side jets will start combustion early before appropriate dilution -an undesirable consequence. On the other hand, if both the side and the central jets are appropriately diluted by the ambient fluid due to the high momentum of the side jets, then it is a desirable consequence.
The behavior of the mean centerline concentration of the central jet approaches that of the single jet at high momentum ratio MR=4.0. This can be attributed to the fact that the central jet having higher momentum is better able to penetrate into the side jets having lower momentum. Thus, the side jets are merged rapidly into the central jet. As a result, the multiple jets act like a single jet.
Gas-phase Five Jets (Fuel & Oxidizer jets)
In this section, methane and normal air are used as a fuel and oxidizer, respectively. The central fuel jet is of 0.05 m diameter and the diameter of the four side oxidizer jets is varied to maintain the same flow rate and the overall equivalence ratio of 1.0 for all cases.
There are two available sources of jet dilution -one the ambient fluid (combustion products) and the other the jet fluids. For the current configuration, it is desirable that the jets are diluted by the entrainment of the ambient fluid and not by the other jets for achieving the homogeneous combustions. Therefore, it is important to identify the dilution source of the jets. For this purpose, methane and normal air are used as fuel and oxidizer, respectively, and water vapor is used as the ambient fluid. Thus, it is easy to investigate the dilution sources and mixing pattern between jets. It is noted that the background species cannot participate in the reaction except as a diluent in the FDS [36] .
Numerical simulation for the configuration of a central jet (fuel) surrounded by four equidistant oxidizer jets are carried out for Reynolds number 
Separation Distance Effects
The mean centerline concentration of the central (fuel) jet, side (oxidizer) jet and scaled mean centerline concentration of the central jet for three different separation distances with jet momentum ratio MR=0.39 in the five multiple jet configuration are shown in Figure 7 . For more detailed analysis, the mean concentrations of oxygen in the central (fuel) jet and methane in the side (oxidizer) jet are plotted in Figure 8 , and the mean radial velocity profiles for S/D=4.0 and 12.0 are plotted in Figure 9 . 
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As shown in Figure 7 , the behaviors of the mean centerline concentration of the central jet are similar to those of the three water jets. The central jet deviates from the single jet path after interacting with the side jets. It is also observed that the mean centerline concentration of the central jet decays rapidly with decreasing the separation distance and the behavior of the mean centerline concentration of the jets is close to that of a single jet at large separation distance. Figure 8 shows lots of oxygen in the central (fuel) jet and some methane in the side (oxidizer) jets at a separation distance S/D=4.0. These concentrations begin to increase sharply near the jet exit and keep increasing up to Z/D=50, where the jet merging is completed, they then decrease far downstream. It is also observed from Figure 9 that the velocity profiles rapidly merge into the central jet after Z/D=40 and the peak of velocity exists only at the centerline of the central jet for S/D=4.0 case. This can be attributed the fact that there exists a strong interaction between jets due to rapid merging into one jet, thus, strong mixing of fuel and oxidizer occurs earlier.
Therefore, for S/D=4.0, the central jet concentration decays faster by mixing with side jets in the upstream region. After merging with the side jets, the jets act like a single jet. Consequently, the jets are diluted by the entrainment of the ambient after merging. On the other hand, for large separation distance, the S/D=12.0 case shows that much small amount of oxygen and methane exist in the central (fuel) and side (oxidizer) jets, respectively. It is observed that the concentration of methane and oxygen start to increase after Z/D=40, and then show quite flat profiles. Clearly, the mixing between jets is delayed by increasing the separation distance and meanwhile the jets are being diluted by the ambient fluid. This is a mechanism to control homogeneous combustion. Comparing the mean velocity profiles with the small separation distance, the S/D=4.0 case, the peaks in the velocity profiles still exist near the centerline of the side jets up to Z/D=100 and the velocity profiles become quite flat after merging. This indicates that there exits a lot of entrainment of the ambient fluid for large separation distance. In other words, each jet follows the behavior of a single jet before merging and the concentration decays by the entrainment of the ambient fluid. After merging, all jets decay by mixing between jets and the entrainment of the ambient fluid. Similar trends were reported in Ref. [13] where multiple jets were shown to entrain more ambient fluid than a single jet, especially for larger separation distances.
Thus, it can be concluded that the entrainment of the ambient fluid is promoted before mixing between jets at large separation distances, while the mutual interaction between jets in the upstream region is enhanced for small separation distances. To get homogeneous combustion, the separation distance should be sufficiently large so that the jets are sufficiently diluted by the ambient fluid before they meet. Figure 10 shows that the mean centerline concentration of the central, side jet and scaled mean centerline concentration of the central jet for three different momentum ratios with separation distance S/D=10.0 in the five multiple jet configuration. The mean concentrations of oxygen in the central jet and methane in the side are plotted in Figure 11 , and the mean velocity profiles for MR=0.39 and 1.57 are shown in Figure 12 .
Momentum Ratio Effects
It is seen from the Figure 10 that both of the central and the side jets show the larger decay rate of the mean centerline concentration at low momentum ratio MR=0.39, while relatively small amount of methane and oxygen exist in the side and central jet, respectively for MR=0.39, as shown in Figure 11 . This indicates that both jets are more diluted by the entrainment of the ambient fluid than the high momentum ratio cases. It is clearly shown in Figure 12 (a) that the peaks in the velocity profiles of the side jets still exist up to Z/D=80 and overall level of the velocity profiles is larger than the large momentum ratio case MR=1.57 because the side jets have higher momentum. Therefore, the side jets continue to entrain the ambient fluid, and as a result of mixing with side jets, the centerline concentration of the central jet also decays faster than the large momentum ratio case MR=1.57. Figure 10 shows that the mean centerline concentration of the central and side jet decay slowly at high momentum ratio MR=1.57, and lots of oxygen in the central jet and methane in the side jet are found, as shown in Figure 11 . This can be attributed the fact that the shear layer between jets grows stronger with increasing central jet momentum, and thus advection of scalar is promoted. As a result, mixing between jets is enhanced at high momentum ratios [37] . However, as shown in Figure 12 (b) that the peaks of the velocity profiles of the side jets decrease rapidly and merge into one jet with relatively lower level of the velocity than the MR=0.39 case and at relatively shorter distance, about Z/D=60. The entrainment of the ambient fluid is less for the high momentum ratio case, as a result, less decay rate of the jet fluid concentrations.
Moderate momentum ratio MR=1.03 shows similar trends in the mean centerline concentration of the central jet and methane concentration in the side jets as the MR=1.57 case. The difference is the behavior of the side jets, which have intermediate momentum when compared with the momentum ratio MR=0.39 and 1.57 cases.
Thus it may be concluded that the entrainment of the ambient fluid is promoted at low momentum ratio, while the mutual interaction between jets is enhanced at high momentum ratio. However, the overall behavior of the three momentum ratio cases is very similar; the difference between cases is not big due to the narrow range of the ratios. It should also be noted that the mixing between jets starts at the same distance and at the same rate. However, it is observed that the entrainment of the ambient fluid is enhanced by decreasing the momentum ratio. Considering the small separation distance case, it is possible that the reaction occurs early and near the jet exit region with high momentum ratio because of enhanced mixing between jets. Therefore, lower momentum ratio between jets is preferable for small and moderate separation distance to promote the dilution by the ambient fluid before mixing between jets occurs, whereas higher momentum ratio is preferable for larger separation distance to enhance fuel dilution with ambient fluid before mixing between jets to achieve homogeneous combustion. It is important to note that the longitudinal axis Z in Figure 10 (b) is normalized by the diameter of the center jet for the mean centerline concentration of the side jets; however the diameter of the side jets is varied to maintain the same flow rate and equivalence ratio for all cases, as mentioned before (see Table 1 ). This normalization is suitable for understanding the physical meaning at a given location (absolute position) along the longitudinal axis. It is observed that lower momentum ratio MR=0.39 shows the largest decay rate of the side jets ( Figure 10 (b) ). In terms of the single jet theory, the concentration is proportional to the jet diameter at a certain absolute location. Thus a jet with a small diameter shows lower concentration than a jet with a large diameter at a given absolute distance from the jet exit. Figure 10 (b) coincides with the single jet theory because the mean centerline concentration of the side jets decays faster with decreasing the momentum ratio which is equivalent to decreasing the side jet diameter. However, Figure 10 (b) shows that the mean centerline concentration of the side jets for all cases seems to decay less than that of a single jet. But, if the longitudinal axis Z is normalized by the actual side jet diameter as shown in Figure 13 , it is observed that all cases show a higher decay rate than the single jet, as expected. Even though the high momentum ratio MR=1.57 decays faster than other cases at relative position, the absolute distance needed to get the same concentration as the other cases is larger because of the large diameter. 
Conclusion
Experimental and numerical investigations were performed on the mixing characteristics and the resulting concentration fields in unconfined and non-reacting multiple turbulent jets in terms of the control variables such as the separation distance and momentum ratio. The numerical results were found to be in good agreement with the experimental data for turbulent free jets.
The results of this study showed that mean centerline concentration decays faster in multiple jet configuration than a single jet because of the strong interactions between jets and enhanced entrainment of the ambient fluid. In multiple turbulent jets, the greater dilution in mean centerline concentration of the central (fuel) jet occurred at lower separation distance due to enhanced interaction and thus mixing between jets. For large separation distance, the entrainment of the ambient is promoted and mixing between jets is delayed to further downstream.
Decreasing the momentum ratio showed more dilution as a result of increased entrainment of the ambient fluid while high momentum ratio showed enhanced mixing between jets. However, it is possible that reaction may occur near the jet exit region due to strong mixing between jets for large momentum ratios and small separation distances.
In terms of achieving homogeneous combustion, the jets should be sufficiently diluted by the ambient fluid before mixing together. The mixing between jets should be delayed to some distance from the jet exit to enable sufficient dilution by the ambient fluid. Therefore, to achieve the homogeneous combustion, the separation distance should be kept sufficiently large and lower momentum ratio between jets is preferable to promote the dilution by the ambient fluid before combustion occurs and to avoid early reaction.
Future Work
The situation of real industrial furnaces is quite different from the conditions in this study. The effects of the confinement and combustion must be considered. In addition, the effect of different density as a result of the combustion and recirculation with product gas also plays an important role in flow mixing and combustion process. Numerical study on confined and reacting jets in furnaces will be presented in the future.
